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Edited by Vladimir SkulachevAbstract Both HIV infection per se and antiretroviral drugs
might contribute to oxidative stress and mitochondrial dysfunc-
tions. In this study we assess zidovudine, stavudine and didano-
sine on U937 and CEM cell lines. All these drugs induced
apoptosis and increased intracellular hydrogen peroxide but
not superoxide anions. The addition of acetyl-L-carnitine
(ALC) was able to prevent the pro-oxidant eﬀect of the drugs
tested. Supplementation with ALC, deﬁcient in certain cohorts
of HIV-infected individuals, especially on high active antiretrovi-
ral therapy regimen, has been associated with favourable eﬀects.
These data suggest that one of these eﬀects could be a direct
anti-oxidant action.
 2006 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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The use of highly active antiretroviral therapy (HAART)
has dramatically reduced the morbidity and mortality of the
subjects infected with the human immunodeﬁciency type-1
virus (HIV) [1]. Unfortunately, largely used drugs, such as
nucleosidic reverse transcriptase inhibitors (NRTIs), can inhi-
bit mitochondria functionality [2]. Such inhibition often leads
to side eﬀects such as hyperlactataemia and lactic acidosis, car-
diomyopathy, distal symmetric polyneuropathy, peripheral lip-
oatrophy [3–7]. Mitochondrial toxicity has a multifactorial
origin, that include the capacity of NRTIs to inhibit DNA
polymerase-c, the main enzyme devoted to mtDNA replication
[8]. A variety of in vitro studies and ex-vivo analysis have dem-
onstrated profound alterations in mtDNA content after
NRTIs treatment [reviewed in [6]]. In previous studies, we
investigated the capability of diﬀerent NRTIs to alter mtDNA
replication and mtRNA synthesis, and found that stavudineAbbreviations: H2O2, hydrogen peroxide; O

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doi:10.1016/j.febslet.2006.11.016(d4T) was signiﬁcantly more toxic than didanosine (ddI) and
zidovudine (AZT) [9,10].
It is known that HIV infection per se might contribute to
oxidative stress and mitochondrial dysfunctions [11], and some
authors also suggested that NRTIs can induce an oxidative
damage [12]. It is also known that mitochondria are the major
source of reactive oxygen species (ROS), and that their pro-
duction may play a crucial role in the induction of apoptosis
[13,14].
Acetyl-L-carnitine (ALC, c-trimethyl-b-acetyl-butyro-beta-
ine) is an acetylated derivative of L-carnitine, which is inti-
mately involved in the transport of long chain fatty acids
across the inner mitochondrial membrane promoting their oxi-
dation. It has been suggested that carnitines have indirect and
direct oxygen radical scavenging activity, and can protect heart
muscle mitochondria from free radical-induced damage [15–
17]. In the present study, we report the eﬀects of ALC on the
production of ROS after in vitro treatment of human cells with
AZT, d4T and ddI.2. Materials and methods
2.1. Cell lines and treatments
We studied the cell lines CEM (of lymphocytic origin) and U937
(monoblastic origin). Cells were plated at the density of 5 · 105 cells/
ml for up to 14 days in complete culture medium, as described [10].
Apoptosis and alterations of mitochondrial membrane potential
(DWm) were evaluated after 7 and 14 days of exposure to d4T
(10 lM) or AZT (10 lM) or ddI (25 lM) (all drugs from Sigma–
Aldrich, St Louis, USA). Incubation media were renewed every 2 days.
The production of ROS was analyzed after 24 hours of treatment with
d4T (100 lM) or AZT (100 lM) or ddI (100 lM). ALC (Sigma Tau
srl., Pomezia, Rome, Italy) was used at the ﬁnal concentration of
5 mM.
2.2. Flow cytometry
Detection of mitochondrial membrane potential. Cells were stained
with the DWm-sensitive probe JC-1 (Molecular Probes, Eugene, OR),
as described [18].
Analysis of apoptosis. The classical appearance of the hypodiploid
peak of propidium iodide (PI) ﬂuorescence was utilized for the quan-
tiﬁcation of apoptotic nuclei, as described [19].
Analysis of cell viability. Cells were stained with TO-PRO-3 (Molec-
ular Probes) at the ﬁnal concentration of 0.003 lg/ml in PBS. The dye
can enter only into dead cells, and renders them ﬂuorescent.
Detection of hydrogen peroxide (H2O2). Intracellular H2O2content
was measured by 2,7-dicholorodihydroﬂuorescein diacetate (H2DCF-
DA, Molecular Probes) [20]. Cells were stained with 2 lM H2DCF-
DA for 30 min at 37C, washed and analyzed as described [21].blished by Elsevier B.V. All rights reserved.
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ethidine (HE, Molecular Probes) at the concentration of 1 lM. The
probe reacts with O2 to give ethidium, which binds DNA [22] and
can be visualized by ﬂow cytometry [21].
Multiparametric ﬂow cytometry. The simultaneous use of the afore-
mentioned ﬂuorescent probes allowed us to analyze several parameters
in the same intact cell [21]. In particular, we could analyze H2O2, O

2
production and cell viability using H2DCF-DA, HE and TO-PRO-3
probes. Cell cultures were incubated with HE for 40 min at 37 C
and centrifuged at 200 · g for 5 min at 4 C. Cells were then resus-
pended in 1 ml PBS, incubated with H2DCF-DA for 30 min at
37 C, centrifuged as above, resuspended in 1.5 ml PBS and analyzed
by ﬂow cytometry. TO-PRO-3 was added 2 min before acquisition.
All cytoﬂuorimetric analyses were performed using a 16-parameters
CyFlow ML (Partec GmbH, Mu¨nster, Germany), equipped with a
blue solid state laser, a UVMercury lamp and a red diode laser. A min-
imum of 10,000 cells per sample were acquired in list mode and ana-
lyzed with WinMDI 2.8 and Flow Max softwares.
2.3. Statistical analysis
Data obtained after staining with H2DCF-DA represent the median
of the net ﬂuorescence value ± S.E.M. The net ﬂuorescence value was
obtained linearising the ﬂuorescence values from the logarithmic scale
and subtracting the linearised median value of the blank (i.e. the sample
containing cells treated in the same manner, but without any staining)
from the median ﬂuorescence value of the stained sample [23]. This
allows to eliminate any inﬂuence related to autoﬂuorescence changes.
Statistical analysis was performed on Graph Pad Prism 3.03 using
non-parametric paired t-test. Values of P < 0.05 were considered as sta-
tistically signiﬁcant.3. Results
3.1. DWm and apoptosis after exposure to NRTIs
DWm and apoptosis were studied in CEM and U937 cell lines
after 7 or 14 days incubation in presence of d4T 10 lM, AZT
10 lM or ddI 25 lM. CEM cells treated with d4T showed a
time-dependent increase in the percentage of cells with low0
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Fig. 1. Changes in mitochondrial membrane potential and apoptosis
in cells treated with antiretroviral drugs. CEM were incubated in the
absence (CTR) or presence of AZT, d4T or ddI supplemented or not
with ALC (5 mM) for 7 and 14 days. Cells with depolarized
mitochondria (upper panel) or with apoptotic nuclei (lower panel)
are shown. One representative experiment of four is shown.DWm; AZT had only a slight eﬀect on this parameter (Fig. 1,
upper panel) and ddI did not show any eﬀect. The presence
of ALC during the incubation with antiretroviral drugs was
not able to modify DWm of these cells. CEM cells with d4T also
resulted in a signiﬁcant induction of apoptosis, especially after
a 14-day incubation; the phenomenon was much less marked
when ddI or AZT were tested (Fig. 1, lower panel). The pres-
ence of ALC had no inﬂuence on the toxic eﬀect of antiretro-
viral drugs. Similar results were obtained in U937 cells (data
not shown).
3.2. NRTIs increase intracellular H2O2 content
To understand whether the eﬀects on DWm and the apoptosis
induced by antiretrovirals were due to an oxidative stress, we
measured ROS production in cells after a short period of incu-
bation (24 hours) with these drugs.
Fig. 2 shows a representative example of the simultaneous
analysis of intracellular H2O2, O

2 content and cell viability
in control and AZT-treated cells. Fluorescence signals were
analyzed after eliminating dead cells after TO-PRO-3 staining.
Cells permeable to TO-PRO-3 were dead (blue, panels a and b)
while viable cells resulted TO-PRO-3 negative (red, panels a
and b). Panels c and d show cellular physical parameters (for-
ward and side scatter, FSC and SSC). We have drawn a region
(R1) to eliminate dead cells (blue) and debris (low FSC and
SSC), and evaluated only viable cells applying the above men-
tioned region in the dot plots referred to ﬂuorescence of
H2DCF-DA (H2O2 content) vs HE (O

2 content, panels e
and f). AZT-treated cells showed an increase in H2O2 content
(note the shift to the right of H2DCFDA ﬂuorescence in panel
f). The same cells were not characterized by changes in O2
levels (HE ﬂuorescence).
As shown in Fig. 3, H2O2 content increased in CEM cells
treated with NRTIs, but a statistically signiﬁcant increase
was observed only in cells treated with d4T. In U937 cells,
H2O2 content signiﬁcantly increased after incubation with each
of the three drugs. An incubation of 24 hours with d4T, AZT
or ddI did not modify O2 content in both CEM and U937
cells (data not shown).3.3. ALC protects d4T-treated cells from the intracellular
increase of H2O2
The possible anti-oxidant eﬀect of ALC was tested on cells
treated with d4T. Fig. 4 shows that ALC was able to protect
d4T-treated cells from the increase of H2O2 content induced
by the drug. This phenomenon was observed either in CEM
cells (upper panel) or in U937 cells (lower panel).3.4. ALC reduces H2O2 content in ddI-treated U937 cells
As shown in Fig. 3, U937 but not CEM cells were also sen-
sitive to AZT and ddI. Thus, we tested the capacity of ALC to
reduce the amount of intracellular H2O2 content in U937 after
treatment with AZT or ddI. Fig. 5 shows that adding ALC
resulted in a signiﬁcant reduction of H2O2 content in ddI-treated
cells but not in those treated with AZT.4. Discussion
Mitochondrial toxicity is a relevant side-eﬀect of anti-retrovi-
ral drugs, especially of NRTIs [5,6]. We have observed that a
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Fig. 2. Flow cytometric analysis of ROS in living cells. U937 cells were incubated for 24 h in the absence (left columns, CTR) or presence of AZT
(right columns). Panels a and b represent the dot plots TO-PRO-3 ﬂuorescence vs SSC; panels c and d represent the physical parameters FSC vs SSC;
panels e and f refer to H2DCF-DA vs HE ﬂuorescence. See text for details.
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other NRTIs, provokes a mitochondrial damage, as revealed
by the depolarization of mitochondria internal membrane.
Such an incubation also caused an increase in programmed cell
death. These data indicate that, at least in the cell types we have
analyzed, d4T exerts a higher toxic eﬀect than AZT or ddI.
A role for oxidative stress in apoptosis has been proposed by
several groups [13,14,24]. Free radical accumulation causes
lipid peroxidation and/or an increase in mitochondrial mem-brane permeability, known as permeability transition, which
leads to apoptosis [25]. Mitochondria have a primary role in
ROS production, because part of oxygen used in the respira-
tory chain is converted to free radicals that cause various types
of injuries to these organelles [26].
In order to clarify the pro-oxidant action of d4T, ddI and
AZT we have quantiﬁed H2O2 and O

2 levels in two diﬀerent
human cell lines of diﬀerent origin, such as CEM and U937.
We found a signiﬁcant increase in H2O2 levels in both cell lines
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Fig. 3. H2O2content in CEM and U937 cells. Cells were incubated for
24 hours in absence (CTR) or presence of d4T, AZT or ddI. Values
represent the means ± S.E.M. of six independent experiments.
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Fig. 4. ALC reduces H2O2 content in d4T-treated CEM and U937
cells. Cells were incubated for 24 hours in absence (CTR) or presence
of d4T plus ALC, or ALC alone (ALC). Values represent the
means ± S.E.M. of six independent experiments. *P < 0.05 vs CTR;
#P < 0.05 vs d4T.
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Fig. 5. ALC reduces H2O2 content in ddI-treated U937 cells. U937
cells were incubated for 24 hours in the absence (CTR) or presence of
ALC, AZT or AZT + ALC (upper panel), or in absence (CTR) or
presence of ALC, ddI or ddI + ALC (lower panel). Values represent
the means ± S.E.M. of six independent experiments. *P < 0.05 vs CTR;
#P < 0.05 vs ddI.
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AZT and ddI increased H2O2 production only in U937 cells.
These data suggest that cellular damages caused by anti-retro-
viral drugs likely depend not only on the drug itself, but also
on the sensitivity of the diﬀerent cell types.
In agreement with other studies demonstrating that antiret-
roviral drugs can induce cellular damage through generation of
ROS [12], we observed a pro-oxidant eﬀect of d4T, AZT and
ddI. Even if no diﬀerences in O2 levels were observed after
the treatment with these NRTIs, a signiﬁcant eﬀect wasobserved as far as the production of H2O2 is concerned. The
fact that exposure to NRTIs can increase ROS levels allows
us to hypothesize that a prolonged exposure to these drugs
could induce mitochondrial alterations via ROS production.
We have also shown that ALC was able to protect U937 and
CEM cells from the production of ROS induced by d4T, ddI.
Indeed, ALC showed an anti-oxidant action since it was able
to maintain ROS production at the basal level. This observa-
tion suggests a possible use of ALC as a support during pro-
longed therapies with drugs such as NRTIs.
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